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The thermalization of non-equilibrium charge carriers is at the heart of thermoelectric energy con-
version. In nanoscale systems, the equilibration length can be on the order of the system size, leading
to a situation where thermoelectric effects need to be considered as spatially distributed, rather than
localized at junctions. The energy exchange between charge carriers and phonons is of fundamental
scientific and technological interest, but their assessment poses significant experimental challenges.
We addressed these challenges by imaging the temperature change induced by Peltier effects in crystal
phase engineered InAs nanowire (NW) devices. Using high-resolution scanning thermal microscopy
(SThM), we have studied current-carrying InAs NWs, which feature a barrier segment of wurtzite
(WZ) of varying length in a NW of otherwise zincblende (ZB) crystal phase. The energy barrier acts
as a filter for electron transport around the Fermi energy, giving rise to a thermoelectric effect. We find
that thermalization through electron-phonon heat exchange extends over the entire device. We ana-
lyze the temperature profile along a nanowire by comparing it to spatially dependent heat diffusion
and electron thermalization models. We are able to extract the governing properties of the system,
including the electron thermalization length of 223± 9 nm, Peltier coefficient and Seebeck coefficient
introduced by the barrier of 39± 7 mV and 89± 21 µV/K, respectively, and a thermal conductivity
along the wire axis of 8.9± 0.5 W/m/K. Finally, we compare two ways to extract the elusive thermal
boundary conductance between NW and underlying substrate.
I. INTRODUCTION
Thermoelectric effects, such as Peltier and Seebeck ef-
fects, have been explored for solid state cooling and en-
ergy harvesting devices, respectively. However, the low
intrinsic thermoelectric efficiency has been hampering a
wide use of these effects in technology [1]. One of the
popular approaches to increase efficiency is to exploit
energy filtering of charge carriers passing an energy bar-
rier, an effect often referred to as thermionic emission [2–
6]. It is not straightforward to exploit this effect due to
difficulties in creating high-quality (ideally atomically
defined) interfaces between a reservoir material (semi-
conductor or metal) and a barrier region, and to con-
trol the chemical potential across such heterostructures.
The heterostructure between WZ and ZB crystal phase
in InAs NWs are an interesting candidate for thermionic
emission structures. In InAs and most other III-V NWs
the crystal phase can be controlled during growth [7–
10], and interfaces between the two phases are inher-
ently atomically sharp. Such InAs NW crystal phase het-
erostructures have recently been studied in their trans-
port properties, and it was found that the WZ phase has
a positive conduction band offset of about 135 meV com-
pared to the ZB phase [11, 12]. This property has suc-
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cessfully been exploited for creating quantum dot de-
vices [13–15].
The study of thermoelectric effects in nanostruc-
tures is of relevance beyond energy conversion appli-
cations. With increasing miniaturization of electronic
devices, thermoelectric effects have become important
for operation for example in resistive[16, 17] and phase
change[18, 19] memory devices or transistors [20], influ-
encing power consumption and device failure. One of
the scientific questions around such applications is re-
lated to the length scale over which thermalization oc-
curs. In thermoelectric structures and devices on the
macroscale, the generation of Peltier heat can safely be
assumed to occur sharply at the interface between two
materials. The equilibration of charge carriers pass-
ing a barrier, however, can be on the order of hundred
nanometers and is therefore comparable or even larger
than device dimensions. Therefore, on the nanoscale,
the simplified picture of thermoelectricity must be re-
fined. However, measurement techniques to probe ther-
malization have not been available. Thermal and ther-
moelectric effects in NWs and other nanostructures are
generally difficult to quantify. [21]
Here we apply an imaging technique to measure the
temperature distribution of a thermoelectric nanowire
device in operando. Using scanning thermal mi-
croscopy, we obtain such images with a spatial resolu-
tion of at least 10 nm [22–24]. The method has recently
ar
X
iv
:1
91
1.
11
41
5v
1 
 [c
on
d-
ma
t.m
es
-h
all
]  
26
 N
ov
 20
19
2(a) (b)
+
Lock-in
VDC
reference
Vtot
Tsensor
Tsample
40 dB
GND
VAC
fmod I10kΩ
1fmod, 2fmod
ZB ZBWZ
Ec
µr
µl
eΦb
eV
f(E, Tl, µl) f(E, Tr, µr)
λ
π
FIG. 1. (a) Schematic representation of the thermionic emission effect that leads to Peltier heating / cooling. The conduction band
energy Ec has a positive offset eΦb in the WZ segment with respect to the surrounding ZB material. This gives rise to an energy
barrier that acts as a filter for conduction electrons around the Fermi energy µ. When a bias V is applied across the WZ segment,
such that the Fermi energy µl on the left is higher with respect to the Fermi energy µr on the right, only “hot” electrons from the
high-energy tail of the left-side Fermi distribution can be emitted over the barrier and contribute to electrical conduction. They
thermalize on the right side by scattering with a characteristic thermalization length Λ, widening up the electron and phonon
distributions and thereby increasing the temperature on the right side. At the same time, the distributions on the left side are
narrowed, meaning that the temperature decreases there. An approximately exponentially distributed heating/cooling power
arises at the junctions. The electronic current density therefore does not only transport charge, but also heat across the barrier. (b)
Schematic representation of the measurement technique. See introduction and experimental section for detailed explanations.
been used to study geometrically enhanced Peltier ef-
fects at a graphene constriction [25]. From the resulting
temperature maps, we can extract thermal properties
such as the thermal conductivity and the Peltier coef-
ficient, and, importantly, the equilibration length of the
charge carriers and a related density of Peltier heat pro-
duction [6, 26, 27]. Note that in this article, we use the
term Peltier effect to refer both to heat pumping in re-
sponse to an electrical current by thermionic emission
over the barrier, and to heat pumping in response to an
electrical current at the semiconductor/metal interfaces
at the contacts.
The sample system chosen here are InAs NWs of ZB
phase with a segment of 40 to 160 nm length of WZ, see
1a. The nanowires are on a silicon oxide on silicon sub-
strate and contacted using nickel-gold metal contacts
(1b). Further details on device fabrication can be found
in the appendix and in Ref. [11]. The dominant car-
riers are n-type and the current-voltage relationship is
approximately linear at ambient temperatures.
We apply a scanning probe thermometry technique
based on SThM. As shown in 1b, a sinusoidal alternating
current with amplitude I and frequency fmod is passed
through the device. The device responds thermally with
Peltier heating/cooling at 1 fmod and Joule heating at
2 fmod. We denote these temperature responses with
∆TPeltier and ∆TJoule, respectively. A silicon SThM probe
with integrated resistive sensor is then raster-scanned
across the sample. The sensor is thermally coupled to
a spot on the sample surface through a sharp tip. The
tip radius can be as small as 3 nm [28]. Changes in the
sample surface temperature Tsample influence the equi-
librium temperature of the sensor Tsensor, which in turn
changes the sensor element’s electrical resistance. The
sample topography is measured simultaneously as in
standard contact mode atomic force microscopy (AFM).
II. RESULTS AND DISCUSSION
We recorded Joule and Peltier SThM signals of self-
heated NW samples with target WZ segment lengths
of 40 nm, 80 nm, and 160 nm. Temperature maps were
recorded for different modulation current amplitudes
I. Exemplary plots of AFM topography, ∆TPeltier and
∆TJoule for each device are shown in 2. From these, line
profiles of ∆TPeltier along the nanowires were extracted,
which are also shown in 2. Profiles for ∆TJoule and data
for additional values of I are shown in the supporting
information. All three devices show a clear ∆TPeltier sig-
nal. The position of the WZ segment along the NWs be-
tween the electrodes can be identified to be in the region
of sign-change of the Peltier signal. Let us first discuss
the markedly different qualitative behavior of the three
devices shown.
For the 160 nm device, the peaks of ∆TPeltier are close
to the transition between heating and cooling, which is
steep with a linear gradient. This is the expected be-
haviour for heating and cooling power that is concen-
trated close to the crystal phase junctions. This sug-
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FIG. 2. SThM results for three devices with different targeted WZ segment lengths: (a) AFM topography map for 160 nm, (b)
∆TPeltier map for 160 nm, (c) ∆TJoule map for 160 nm, and (d) line profiles of ∆TPeltier along the 160 nm nanowire axis for different
values of I. (e-h) The same depictions for 80 nm. (i-l) For 40 nm. Shown temperature change maps always correspond to the
highest value of I stated in the legend of the associated profile plot. The locations of the barriers are assumed to roughly coincide
with the transition between heating and cooling in the ∆TPeltier maps. The profiles have an averaging width of five pixels at a
square pixel size of 10 nm. For all scans, the horizontal direction as depicted is the fast scanning direction. The display ranges in
the temperature maps has been limited to increase the contrast. All scale bars 300 nm.
gests that ∆TPeltier is dominated by the barrier Peltier ef-
fect. However, the positions of maximum and minimum
temperature are spaced further apart than the length
of the WZ segment. This is an indication that the re-
lease of Peltier heat does not occur sharply at the crystal
phase junctions, but is spatially distributed away from
the junctions into the ZB sections towards the contacts.
We will analyze this in more detail below. We note that
the lateral resolution of SThM is required to reveal these
observations.
For the 80 nm device, the profiles look significantly
different. Here, ∆TPeltier stays more uniform along the
ZB sections. For the highest I of 19 µA, we see a peak of
∆TPeltier at the bottom contact rather than at the tran-
sition between heating and cooling. Unlike the pre-
vious example, Peltier heating/cooling is not concen-
trated around the WZ segment region. In addition, a
Peltier effect due to the metal-NW interface appears to
come into play. The sign of the associated Peltier coeffi-
cients (or Seebeck coefficients) are opposite for the two
effects, such that they add up constructively on either
side of the device. We expect that the Seebeck coeffi-
cient of an energy barrier is always positive, while the
Seebeck coefficient of an InAs NW is negative [29] as ob-
served also by SThM [22, 30]. The Seebeck coefficient of
the metal electrodes is two orders of magnitude lower in
4magnitude and can be neglected [31]. It appears like the
barrier effect rolls off for high currents, while the con-
tact effect becomes more dominant. This is manifested
in the slope changing from decreasing towards the bot-
tom contact to increasing towards the bottom contact
when going from Imod = 15 µA to 18 µA in 2h. We ac-
knowledge at this point that the barrier emission effect
is inherently non-linear in nature. Assuming a constant
effective Peltier coefficient corresponds to averaging by
linearization. We do not observe any signal at odd-order
higher harmonics, indicating the absence of significant
distortions. We therefore believe that the consequences
of this simplification are marginal. The very flat temper-
ature rise observed is remarkable, as it indicates that the
heating/cooling power is distributed on a length scale
comparable to the system size, which we interpret as a
sign of an electron thermalization length on the order of
100 nanometers. The sharp peak observed at the bot-
tom contact for I = 19µA might be an artifact of the tip
scratching the contact, or it might indicate the existence
of a Shottky barrier at the contact.
The data for the 40 nm device shows a continuation
of the trend. Here, the transition between heating and
cooling is not the point of steepest gradient. The tem-
perature profile is almost flat at the transition in the re-
gion of the WZ segment. The peaks of ∆TPeltier appear to
be separated from the barrier region. This indicates that
the contact Peltier effect is now dominant compared to
the thermionic emission effect. The peaks are however
not directly at the contacts and we observe an asymmet-
ric profile, which confirms that the barrier also has an
influence in the 40 nm WZ system.
In summary, the first comparison of the NWs with dif-
ferent WZ segment lengths suggests the presence of two
Peltier effects, one at the energy barrier and one at the
NW-metal contacts. The relative weight of the result-
ing temperature change in the according device areas
depends on the segment length and potentially also on
the applied bias. The first and obvious explanation for
this trend is that for short barrier lengths, the heating
and cooling poles are closer to each other. Since the ma-
terial separating the two poles is in all cases WZ InAs,
shorter segments lead to smaller thermal resistances be-
tween the two, meaning that the heating and cooling
sides can exchange heat more efficiently. Therefore the
barrier Peltier effect has to be less dominant for shorter
WZ segments if we assume that the Peltier coefficient is
identical for all barrier lengths. However, the shape of
the barrier may be influenced when the WZ segments
become shorter. In particular, the barrier could be low-
ered for shorter segments [11]. The observation made
for the 80 nm barrier suggests that the barrier emission
effect levels out for large biases, which may be a sign
of the onset of electron tunneling at larger biases. The
shape of the resulting temperature distribution strongly
suggests a spatially distributed Peltier heating/cooling
power.
The qualitative discussion above calls for a more
(a)
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FIG. 3. Data obtained for a fourth device, again with a target
WZ segment length of 80 nm. A slower, more detailed scan
at I = 45 µA is shown (see experimental section for details).
Shown are 3D rendered overlay maps of AFM topography
with (a) ∆TPeltier, (b) ∆TJoule. Orthographic projections. The
fast scanning direction is horizontal. Scale bars 300 nm.
quantitative analysis. To this end, we have investigated
a fourth device, again with a nominal WZ segment
length of 80 nm. We performed a scan at a modulation
current amplitude of I = 45 µA, but this time focusing
on maximizing resolution and sensitivity with smaller
pixel size and a slower modulation frequency (see ex-
perimental section for details). The result is shown in 3.
Again, the transition between heating and cooling is not
centered between the contacts. A line profile for ∆TPeltier
along the wire is shown in 4. The exact position of this
profile on the temperature map is shown in the support-
ing information.
Considering that phonons are the dominant carri-
ers of heat in InAs NWs, and that the phonon mean
free path is limited by the NW diameter [32], a one-
dimensional heat diffusion model is justified. Note that
the charge carriers have significantly longer equilibra-
tion lengths, on the order of hundreds of nanometers,
in comparison to phonons limited to the wire diame-
ter. As noted above, the Peltier power is spatially dis-
tributed. We therefore introduce a Peltier coefficient per
unit length (unit W/A/m) and denote it with pi. We
then consider the diffusion of heat from Peltier sources
and sinks independently from Joule heating (see ap-
pendix for details). All measurements and modulations
are made on time scales much longer than the equili-
bration time scale of the nanowire system. We can thus
regard the steady-state solution of the one-dimensional
heat diffusion equation for ∆TPeltier:
κA
∂2∆TPeltier
∂x2
(x) = −pi(x)I + g∆TPeltier(x) , (1)
where the x-direction is along the wire axis, κ is the ther-
mal conductivity, A is the cross sectional area of the
wire, pi(x) is the previously mentioned Peltier coeffi-
5cient per unit length, and g is the thermal conductance
per unit length from nanowire to underlying substrate.
This model predicts ∆TPeltier(x), which we will compare
with an experimental line profile taken from an SThM
map of ∆TPeltier along the wire.
The physical properties of the system extracted as fit
parameters are given in I. The model has seven param-
eters that could be extracted by the fitting. Owing to
the high spatial resolution of the experiment, the model
has 143 remaining degrees of freedom. While the per-
pixel temperature sensitivity of approximately 250 mK
(≈56 mK for an averaged point on a profile line), is de-
termined by random noise, the accuracy of a given tem-
perature value on the order of 10% is determined by
probe variations, underlying assumptions and the sen-
sor calibration. The range within the limits of accuracy
are drawn in light blue in 4. A discussion of the uncer-
tainties can be found in the supporting information. See
appendix for details of the fitting procedure.
A central aspect of this analysis is the shape of pi(x).
As discussed above, we expect a significant distribution
of pi(x). As this distribution originates from the time
or distance required for non-equilibrium charge carriers
to equilibrate with the lattice through inelastic scatter-
ing processes, we expect pi(x) to have the shape of an
exponential decay away from junctions, where contri-
butions from different junctions are added. Simulations
of electron-phonon energy exchange at thin energy bar-
riers in a semiconductor material have shown that the
power density in fact follows an exponential decay in
essence [26], with equal and opposite magnitudes on ei-
ther side of the barrier. Since we have the same mate-
rial (ZB InAs) in which charge carriers are injected/ex-
tracted at the contacts, it is reasonable to assume the
same decay length for the contact Peltier effect. We de-
note the electron thermalization length with Λ and de-
sign a parametrization of pi(x) around these insights,
which is illustrated in the bottom graph of 4 for the
optimal set of parameters found. We note that the de-
scription of the source term pi(x) relates to the electron
system only and does not contain contributions from
phonons, which enter the thermal conductivity terms.
We further note, that this description is essentially dif-
ferent from a spatially distributed Seebeck coefficient
which can be related to carrier denisties around a p-n
junction in semiconductors[33].
Let us discuss the values of the physical parameters
we have extracted:
The barrier length (WZ segment length) lb and the
barrier location xb: In an earlier study, the actual WZ
segment length achieved when targeting 80 nm was de-
termined to be statistical with a value of 82 ± 17 nm,
which is consistent with the value for lb that we find
here.As expected from the tolerances of the fabrication
process, the most plausible location of the barrier is not
right in between the contacts, here set to zero.
Thermoelectric properties: The effective Peltier coef-
ficient Π associated with a junction (unit W/A) can be
FIG. 4. (Top) Line profile of ∆TPeltier along the nanowire from
3. Averaging width of 20 pixels at a pixel size of 2.5 nm. A fit
of 1 is drawn, together with a model that tries to explain all ob-
served Peltier power with only the contact Peltier effect, and
a solution which tries to explain all observed Peltier power is
with only the barrier Peltier effect. The blue shaded area indi-
cates the accuracy limits. See supporting information for de-
tails. (Bottom) Electron thermalization model. The Peltier co-
efficient per unit length is decaying exponentially away from
junctions. The electron thermalization length is comparable to
the system size.
TABLE I. Physical parameters extracted from fit
Parameter Value Unit
xb 0± 3 nm
lb 84± 4 nm
Λ 223± 9 nm
κ 8.9± 0.5 W/m/K
pi0,b 39± 7 kW/(Am)
pi0,c 35± 5 W/(Am)
g 0.3± 0.1 W/m/K
found by integration of the according component of pi.
For our exponential decay model, this simply means
Π = Λpi. We find a value associated with the barrier
of Πb = 39± 7 mV. The Peltier coefficient and the See-
beck coefficient S are fundamentally connected through
S = Π/Tavg. For the average temperature Tavg, we take
room temperature plus the average value of ∆TJoule on
the wire. We obtain a value for the barrier Seebeck co-
efficient of Sb = 89 ± 21 µW/K. As the value of S de-
pends on the chemical potential of the sample, which is
in this case prone to unintentional doping and charging
of the NWs, it is not straightforward to compare this to
literature values. Nevertheless, it is interesting to make
6a comparison to previously measured intrinsic Seebeck
coefficient of an InAs nanowire[29], which is about half
in magnitude compared to the value we find here. 4 also
shows solutions to 1 in which all heat pumping power
is purely due to the contacts, and purely due to the bar-
rier emission effect, respectively. If only the contacts
contributed, the profile would be symmetric in between
the contacts. If the effect was purely due to the barrier,
the asymmetry would be even more pronounced, and
the peaks of ∆TPeltier would lie closer to the presumed
barrier location. The observed behavior can only be ex-
plained when taking into account both effects.
The value for thermal conductivity κ of the InAs
nanowire we find here is consistent with the experi-
mental results: Values for κ of single crystalline InAs
nanowires of both the ZB and the WZ phase have been
determined experimentally to lie in a range of 8 to
10 W/m/K at room temperature for similar nanowire
diameters [34]. Lower values were reported for wires in
which a high defect density was either confirmed [29],
or could be expected [32]. For these wires, a value for κ
around 3 W/m/K was measured. We expect our wires
to be largely defect-free except for a few twin defects
and the intentionally introduced WZ segment [11] and
therefore also expected κ to be close to the values deter-
mined for single-crystalline samples.
The thermoelectric figure of merit ZT = S
2Tavg
ρκ is of-
ten used to evaluate the potential of a thermoelectric
system for technical applications [35]. From the de-
vice’s current-voltage characteristics, we estimate ρ =
22 ± 6 µΩm, yielding ZT = 0.02 ± 0.01 for the barrier
system.
Thermalization length Λ: The decay length is related
to the inelastic scattering length of the emitted electrons.
The value we find is on the same order as values re-
ported for the mean free path defined in the context of
charge carrier mobility [27, 36, 37]. It is however im-
portant to note that although the two quantities are re-
lated through a notion of scattering length, only a lim-
ited comparison is possible.
Substrate coupling g (thermal conductance per unit
length between nanowire and substrate): The thermal
conductance between nanowire and underlying sub-
strate, which is a parameter in our model, is not easy
to extract from other experiments[21]. The value we ex-
tract is 0.3± 0.1 W/m/K. For a given length, this con-
ductance is governed by two thermal resistances in se-
ries: The thermal boundary resistanceRbnd between the
NW and the substrate material, and the thermal spread-
ing resistance in the substrate, Rspr. Subtracting the in-
fluence of the spreading resistance (details in the sup-
porting information), we find a value for the interfacial
thermal conductance of Gbnd = 12.6± 1.6 W/m/K.
As a cross check, we determine Gbnd by using the
∆TJoule map and analyzing a profile line orthogonal to
the nanowire axis, which is shown in 5. The exact lo-
cation of this profile line on the temperature map is
shown in the supporting information. Heat spreading
into the substrate is manifested as an exponential de-
cay of ∆TJoule away from the wire axis. The value of
∆TJoule directly next to the wire is not accessible in our
measurement because of the tip geometry. See 5 for an
illustration of this issue. We fitted an exponential func-
tion to the accessible part of the heat spreading and ex-
trapolated the temperature right next to the wire. The
total thermal boundary conductance can now be esti-
mated from the jump in ∆TJoule to the value we measure
on top of the wire, which is visible as a plateau in the
temperature profile. (The plateau appears because the
temperature within the nanowire does not vary over its
cross-section, as expected from the large mean-free-path
of phonons.) Assumptions about the interface geome-
try are needed to extract the thermal boundary conduc-
tance per unit area. The nanowire under investigation
has a hexagonal cross-section. We denote the edge-to-
edge distance with d, the corner-to-corner distance with
R and the edge length with t (see illustration in 5. Us-
ing t as a lower limit for the interface width, we ob-
tain a value of Gbnd = 22± 8 W/K/m2. It is however
likely that the actual contact area between wire and sub-
strate is wider than t, for instance because there exists an
underfill originating from the processing (such as elec-
tron beam resist residues), illustrated in light red in 5.
As an upper limit of the contact width, we extrapolate
the touching point to the corner-to-corner width R in-
stead of the edge width t and end up with a value of
14± 5 W/K/m2. This latter value is in good agreement
with the value obtained from the Peltier fit. That the
two different approaches yield similar results is seen as
a confirmation that the method can in fact be used to ex-
tract values for the usually hard to characterize thermal
boundary conductance associated with nanoscale ther-
mal interfaces.
III. CONCLUSION
In conclusion, we have observed thermoelectric ef-
fects around energy barriers formed by crystal phase
engineering in InAs nanowires. Direct imaging of the
resulting temperature fields with nanoscale spatial res-
olution was achieved. It was found that the thermo-
electric heating/cooling power density is spatially dis-
tributed on a length scale comparable to the system
size. The high spatial resolution and quantitative na-
ture of the method allowed us to compare the measure-
ment data with spatially dependent heat diffusion mod-
els. We were able to extract the thermalization length
of non-equilibrium charge carriers. Thermal transport
parameters, including thermal conductivity and ther-
mal boundary resistance to the substrate, were quanti-
fied. For the latter there exists no other characteriza-
tion method on this length scale. It was shown that
the approach allows for a complete thermoelectic char-
acterization. A thermoelectric figure of merit of ZT =
7oxide spreading
t
R d
FIG. 5. Joule heating temperature rise profile orthogonal to the
wire. An exponential temperature decay away from the wire
was fitted to points on the substrate. For geometrical reasons,
the substrate temperature right next to the wire was not acces-
sible in the measurement. The exponential trend was therefore
extrapolated to obtain a value for the temperature jump from
wire to substrate, from which the boundary resistance was in-
ferred. The comparison with the Peltier profile data showed
that the interface width is probably effectively wider than the
edge width t, possibly due of the presence of an underfill orig-
inating from device processing (illustrated in light red). An
illustration of the geometry and heat spreading into the sub-
strate is provided. The blue shaded area indicates the limits of
accuracy. See supporting information for details.
0.02 ± 0.01 was calculated from the extracted parame-
ters.
IV. APPENDIX
A. Sample fabrication
The InAs nanowires were grown from Au aerosol
seed particles on (111)B InAs substrates by low pres-
sure metal-organic vapor phase epitaxy. The InAs crys-
tal phase was controlled by changing the effective group
V hydride flow, as described in refs. [8, 11, 13]. Resulting
NW diameters were around 60± 5 nm. Electron beam
lithography was used to define the contact area, which
was then etched in a mixture of (NH4)2Sx and H2O 1:20
for 1 min at 40 ◦C. Afterwards, a film of 25 nm Ni and
75 nm Au was evaporated and then lifted off in acetone.
B. Scanning probe thermometry
We again refer to the schematic of the method shown
in 1b and provide some more details on the experimen-
tal method: A differential electrical signal is created
with the help of a Wheatstone bridge circuit. The signal
is then amplified, and for each pixel, both time-averaged
and demodulated at 1 fmod and 2 fmod. The resulting
time-averaged signal VDC and the de-modulated ampli-
tudes VAC at 1 fmod and 2 fmod then relate the according
harmonic content of Tsample to the known out-of-contact
sensor temperature ∆Tsensor, ooc through [23, 38]
∆Tsample = ∆Tsensor, ooc × ∆VAC∆VDC − ∆VAC , (2)
where ∆VDC is the time-averaged voltage drop over the
Wheatstone bridge compared to when the tip is out of
contact, and ∆VAC is the de-modulated voltage ampli-
tude at the momentarily considered harmonic of fmod.
For illustration, the raw signals for the high resolution
scan are shown in the supporting information. The sen-
sor is operated in an active mode, meaning that it also
serves as a heater that creates a “thermal bias”. The
out-of-contact sensor temperature was 274 ◦C as a re-
sponse to an electrical power dissipation of 1.3 mV in
the sensor. We do not expect the heated tip to influence
the temperature in the probed region beyond the uncer-
tainties of the method, because the tip-sample thermal
resistance is large compared to the thermal resistance
inside the sample [39]. Experiments were performed
in high vacuum (1e-6 mbar) in a electrically and acous-
tically shielded laboratory with temperature stabiliza-
tion [40]. As discussed elsewhere [24] we do not expect
thermal radiation to play a role in the experiment, even
though the structures are of sub-wavelength size [41].
The dwell time is chosen such that the lock-in can inte-
grate about 20 cycles of the signal. The sensor has a ther-
mal time-constant of 38 µs[42]. Faster modulation there-
fore allows for faster scans, but the signals can get atten-
uated. This attenuation can be corrected when the time-
constant is known, but it still leads to a lower signal-to-
noise ratio [43]. For the low resolution measurements,
fmod was 7234 Hz and for the high resolution measure-
ments, fmod was 1342 Hz. Additionally, the high resolu-
tion scan has a four times smaller pixel size compared to
the lower resolution series (2.5 nm vs. 10 nm).
C. Modelling methods
The steady state heat diffusion equation including
both Peltier and Joule source terms is
κA
∂2∆T
∂x2
(x) = −ρ(x)I2 − pi(x)I + g∆T(x) , (3)
where ρ is electrical resistivity. The source term propor-
tional to I2 is Joule heating and the source term propor-
tional to I captures Peltier/thermoelectric effects.
For the small temperature variations probed here, we
may assume that none of the parameters is temperature,
current, or voltage dependent. In this case, 3 is fully lin-
ear and can be decomposed into equations that describe
heat conduction for the two source terms individually,
in accordance with the thermometry method employed,
8which can discern between temperature changes in-
duced by Joule and Peltier heat sources and sinks. For
the Peltier part, we then obtain 1.
The properties g, κ, ρ and A are not expected to vary
along the nanowire and are assumed to be indepen-
dent of x. It has been predicted and experimentally
shown [34], that the thermal impedance mismatch be-
tween WZ InAs and ZB InAs is small. This is why in
the model, κ is assumed to be the same for WZ and ZB.
There are however experimental indications that a ther-
mal resistance is associated with an interface between
WZ and ZB [29, 32]. This interfacial resistance has been
estimated and included in the model. See supporting
information for details.
For extracting physical parameters, we solve 1 numer-
ically with a boundary value solver for ordinary dif-
ferential equations and perform a weighted non-linear
least square fit of the model parameters [44, 45]. A dis-
cussion of the uncertainties is provided in the support-
ing information.
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